
c F"~RCED COHY'IVE HEAT PRM.ASFER
1COOLED C LINDERS AT LOW REYNOLDS NUMBERS

A11 WITH LARG'E TEMPERATURE DIFFERENCES

A.M. Ahmned

fo pu/ i cjx'*(: "'o R ib 1

DFENCE RESEARCU BOARD CONSEIL DE RECtIERCHES POUR LA VFENSF



CARDE TECHNICAL REPORT 588/68 UNCLASSIFIED
PROJECT: D46-95-51-10

FORCED CONVECTIVE HEAT TRANSFER TO COOLED CYLINDERS AT
LOW REYNOLDS NUMB ERS AND WITH LARGE TEMPERATURE DIFFERENCES

by

A.M. Ahmed*

*Hypersonic Propulsion Laboratory, McGill University, Montreal

Distribution of this document is unlimited

This research was sponsored jointly by

The Canadian Armament Research and The Advanced Research Projects
Development Establishment Agency. ARPA Order 133.

P.O. Box 1427, Qu6bec, Que., Canada Monitored by the US Army Missile
Under Projects: D46-95-51-10 Conmmand,

D46-99-10-35 Redstone Arsenal, Alabama 35809
Contract DA-01-021-AMC-14468(Z)

CANADIAN ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT

Qu6bec, Que. Sertenbotr, 1968



I

UNCLASSIFIED
i

ABSTRACT

-For the purpose of determining a general correlation for forced
convective heat transfer coefficients for circular cylinders in cross-flow
under conditions pertaining to cooled-film application for measurements
in flames and hypersonic wakes, heat transfer measurements were obtained
under simulated conditions created in a plasma-jet. Measurements were
made by means of constant temperature, internally cooled, cylindrical
film sensors in the Reynolds number range 5-75 for various temperature
loadings, the maximum being T.0 /Ts = 4, and for flows composed of He,
N2 and C02 . The plasma-jet conditions were maintained sach that at the
points of measurements, i.e. at the potential core of the jet, ionization
was negligible, recombination was complete and the turbulence intensity
was low. By a statistical analysis, the data cbtairied for Rem 5 to 40
were correlated by

.•15 •45
Num(-) - .2068 - .4966 (Ren)

All the fluid property values in the dimensionless parameters were evaluated
at the arithmetic mean temperature. A kinematic viscosity ratio instead
of tho more usual temperature ratio was considered in the temperature
loading factor to account for the different dependency of the transport
properties on temperature for different gas species.

Though no previous correlations -.are obtained for conditions con-
sidered here, the direction of the temperature loading effect and the
departure from ?dg's law appear to be consistent with some of the existing
correlations.

-
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NC',ENCLATURE

Roman Symbols

A Constant

a Surface area of the cylinder (sensor)

B Constant

C Constant

Cp Specific heat

d Diameter, sensor

G Mass velocity

h Heat transfer coeff'icient

K Thermal conductivity

M 11m, m Consta.nts
rD, n%z

Nu Nusselt number hd
K

Pr Prandti. n'mber Cp04

Q Heat transferred K

R ResiZstance, electrical

Re Reynolds number V , Vd
V

T Tempsrature

v Fluctuating component of velocity parallel to

mean flow velocity

V Mean flow velocity no.mal to cylinder (sensor)

Greek Symbols

"0 Temperature coefficient of resistance

Absolute viscosity

Kinematic viscosity

Mass Dernsity

@_•
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NOMENCLATURE (Cont'd)

Subscripts

mn Arithmetic mean and when referring to dimensionless
groups signifies that the fluid property values are
evaluated at the arithmetic mean temperature, i.e.
at Ts+To

2

s Surface, sensor

o Free stream

I
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1.0 INTRODUCTION

1.1 Direct measurements of dyziamic characteristics in high temperature

fields as exist in laminar and turbulent flames, hypersonic wakes, rocket
nozzle flows demand a rapid response instrument able to withstand high
temperature environments. An extension of constant-temperature hot-wire
anemometry to constant-temperature, internally cooled, thin-film anemom-
etry towards this end is considered. (Compared to hot-wire seneors,
cooling of the cylindrical film sensor not only presents melting of the
sensing element but also allows interpretable measurements to be obtained
when the environment is at a higher temperature than the sensing film,

without sacrificing response). The principle of operation of the cooled-
film sensor as compared to that of the hot-wire or hot-film sensors is
shown in Fig. 1.

For cooled-film operation when the environment temperature
is greater than the sensor temperature, a heat balance applied tc the
sensing film gives (See Fig. 1):

Q-.
LIN QCOOLANT - SUPLIED .(i

In the above relation , Q.. is the heat equivalent of

the electrical power supplied by an iAPIkE-etwork to maintain the
constant film temperature Ts. QEWI is the heat absorbed by the film

from the environment and O01MINT is the heat removed by the coolant.
From equation 1, the parameter of interest QEMV is obtained by measuring

QCOOLtan and QSUPPLIED, As long as the coolant flow r-ate and inlet
temperature remain constanti heat absorbed by the coolant (QCOOLANT) from
t?.e constant-temperature film will remain constant and is independent of
the environmental conditions. The actual value of this QCOOLANT is
obtained from a measure of the QSUPPLIED in an environment where QFNV 0.
QSUPI ED, at any timeis obtained by measuring the current in the
netwicr required to maintain Ts constant. In effect then, under operating
condition s

QENV QSUPPLIED (when 0v-)O) - QSUPPLIED (IB)

The QaV measured in this way then may be interpreted in terms of the
parameters if interest of the flow field by means of an accurate heat

transfer relation. The purpose of the present experimental investigation
was to obtain this heat trnsfer relation under conditions of such variables
ranges that are likely to be encountered in tne applization of cooled.'film
sensors to laminar and turbulent flames and hypersoric wakes.

1.2 Since QaV is predominantly due to forced convection, then
the forced-convectiv-e heat transfer relation for single cylinders in in-
compressible cross-flow is required. Further, th- relation must be valid
for the following cases:

a) W'hen t.,:e transfer of heat is from the environment to the
~cY]inde':,
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b) When the temperature difference between the cylinder and
the environment is large) and

c) When the environment is composed of flows of different
gases and gas mixtures.

1.3 For forced-convective heat transfer between single cylinders
and incompressible cross-flows under near-isothermal conditions (or on
the basis of the assumption that the fluid properties are independent of
temperature), a dimensional analysis of the pertinent parameters gives
the following relation-

(hd) - f(Vd , ) (2)
k- k

However, for large temperature differences existing between
the heat transfer surface and the bulk of the fluid, when a considerable
gradient of fluid properties exists in the thermal boundary layer, the
above dimensionless groups cannot be uniquely defined. For the purpose
of correlation, this so-called temperature loading effect must then be
taken into account by evaluating the fluid properties at suitable mean
temperatures - arithmetic mean, weighted arithmetic mean, logarithmic
mean, geometric mean, or even the individual fluid properties at different
temperatures. Since the temperature loading effect is empirical, the
choice depends solely on the success axnd convenience in the evaluation
and application of the correlation.

However, it is to be realized that for non-isothermal cases,
a consideration of the dimensionless groups evolved for near-isothermal
cases alone does not suffice for the condition of dynamic similarity.
The condition of dynamic similarity is that the same ratios must exist
between the significant fluid properties at geometrically equivalent
points. Sin,!e the gradient of properties, being dependent on the
temperature ratio, will va7 with a variation of temperature loadirg, a
dynamic similarity deficiency may be expected between cases of different
temperature loadings. For complete dynamic similarity then, a temperature
ratio must be included in the dimensionless relation, so that

hd = f(Vd , , (temperature ratio). (3)
k V K

If it is quite possible that the nature of the similarity deficiency
with temperature loading will be different depending on the direction of
heat flow, then two relations of the above form are necessary to describe
the two processes - heating and cooling. In these relations the fluid
properties may now be evaluated at ary of the temperatures Tt, Ts a
or a suitable mean temperature, and the temperature ratio may be obtained
by any combination of any two of the temperatures. In line with some
of the more successful previous investigations we may choose the
arithmetic mean temperature for the evaluation of all the fluid properties
(1, 2, 3, 4) and a ratio of T . and Tm for the temperature ratio (1),
so that:



hd -f~vd. mJ _

where the subscript m refers to the azrithetic ne-an te Merature.

Hfowever, a correlation of the atove znesnimn!less gr-ups
still fails to give a unique expression for the heat transfer pr-cess.
as is apparent by a consideration of the following points!

a) Considering the fact that for a .articular fluid the
properties of the fluid do not vary with temperature in the sa way at
different teziperature, Leve.Ls, it =ay be expected that the fashion the
gro4p TOO /Tm enters in the heat trnsfer expression, i.e. the temerature
loading factor, will be different at different te=perature levels. By
the same token it will also be dependent on the range cf tepe;ratures
considered. Thus, a correlation may not hold for cases diffe.ri Zram
the case for which the correlation was obt ned with resect to the
temperature loading factor, and an evaluation of the correlation at the
particular te-perature level and range of interes. bec ses necessary.

b) Apart fro= a particular fluid at different te :eture
levels we may also copnsid#r a gz p cf fluIt at similar tererture
levels. if the variatiorn of the transort propertles with te=perature
of the fluids considered are not identical, then it becmes n-cessary
to evaluate the tempersture loading factor individually for each fluid.
Since inclusion of the group Tac- /T. in Lhe heat transfer expressice
is to account for the shift in sivilarity #f the fluid proper-ty gradien'ts,
the 'property ratios' may have to be considered directly in the c-ex-relation.,
in place of the temperature ratio, to give a urique relation valid o.-er
a group of fluids. Since for a particular gas the significant transport
properties vary nearly identically with temperature, variations in al!
the properties may be lumped together by cons-dering a ratio of values
of any one of them. Considerir kinematic viscosity as the propert-y,
we obtain the more general expr-ssions

hd f f(Vd f
km .-

. n light of the above discussion azd the conditions
stipulated in Section 1.2, ve may now fo.-malize the purposes behind
the present investigation as follows.

a) To ivestigate the nature of the temperature loadi;g
factor for heating of cylinders in cross-flow for high temoer-aturoe iOA43g-

b) To investigate, in terms of improved uniqueness of t6.he
correlation, whether it is werthwhile to replace the ratio T.0 /T by
;)c/) /Vm, whe-n different =ases aad gas mixtures are cor.sidered atigh
temperature lo~&tiLgs.

V c) To investigate whether the slight variaticn an ?randtl
numb-r, (due to temperature loading and due to the flow beirg of
different gases and gas mix.tures), is sigrni-icamt enough to be
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considered in the heat transfer relation.

d) To obtain a general correlation for forced convective
heat transfer for the conditions stipulated in Section 1.2.

1.5 The ranges of variables considered in the preaent
investigation were as follows:

a) Reynolds number: The Rem (based on cylinder diameter)
range considered was 5-75. However, only data from the range Rem 5 to 40
were correlated.

b) Temperature loading: The maximum environment temperature
(Te) considered was around 15000K, a limitation imposed by uncertainties
in the evaluation of the fluid propertivs above that temperature. The
cylinder temperature (T.) range considered was 3500K to 5500K. Thus, the
temperature loading range achieved was To = 2 to 4

Ts

c) Flow composition: The flows were composed of N2 and He
and mixtures of N2-He, N2-CO2 and He-CO2 . For each mixture at least two
mixture ratios were considered. However, only data from He and N2 flows
were considered for the statistical analysis, while the rest of the data
were checked against the result of this analysis. The Prandtl number
range amongst data for the statistical analysis was Pr - 0.72 - 0.75.

2.0 REVIEW OF PREVIOUS INVESTIGATIONS

2.1 Considerable data are available for forced convective heat
transfer from heated cylinders in air cross-flow (1,2,3,5,6,7,8,9,10).
On the other hand, data are scarce for the case of heat transfer to cooled
cylinders (11, 12, 13). McAdams (14) has collected and correlated results
from some of these sources. However, due to misinterpretation of the
more important original data, McAdamst correlation must be considered
somewhat approximate (for elaboration on this point see Ref. 4). Douglas
and Chu-chill (4) recorrelating some of the data considered by McAdams
along with some more recent results, indicated that a unique correlation
is possible for cases of heating and cooling over a wide range of temp-
erature loadingsby evaluating all the fluid properties in the correlation
at the arithmetic mean temperature. However, considering the remaining
discrepancy in results between different investigations under dissimilar
and even similar cases it is to be concluded that such a general cor-
relation is at best an engineering approximation and may not be suitable
for accurate instrument work.

Among the data considered by Douglas and Churchill (4) only
those of Hilpert (2) and King (6) fall in the low Reynolds number range
of our interest, i.e. Rem -. 100. However, their data are for heat
transfer from heated cylinders. On the other hand, all data for heatilig
of cylinders, i.e. data of Reiher (12), Vornhem (13), and Churchill
and Briar (11), are for Reynolds numbers above 300. Still, the data of
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Churchill and Briar are of special interest aince they are the only
ones obtained for any real high temperature difference existing between
the cylinder (100 0 F) and the gas stream (580-1800 0 F).

2.2 Consideration of temperature loading effect

Among the investigations reported by Douglas and Churchill (4),
only those by Hilpert (2) for convection from cylinders and those by
Churc':ill and Briar (11) for convection to cylinders consider explicitly
the temperature loading effect. However, in the former investigations the
effect was obtained over a narrow range of Reynolds numbers. A consideration
of thisalong with the fact that Hilpert's power law correlation is an
approximate representation of the data, led Collis and Williams (1) to
obtain a more accurate correlation for hot-wire applications. Further,
Collis and Williams obtained their correlation under conditions of low
turbulence intensity in the free-stream; the significance of the effect
of free-stream turbulence on heat transfer had not been realized in previous
investigations. The data due to their carefully conducted experiment were
correlated in the following form:

NUm TrI-O'i7 = A+ B. Remn (6)

The values of the constants in the different Rem ranges are shown in
Table I.

Rem A B n

0.02-44 0.24 0.56 0.45

44-1 0 TABLE

This may be compared to Hilpert's correlation:

Num C iRe. ITS 02 (7)

Table Iicontains the values of the constants in the different Rem ranges.

Rem c m ]
1-,4 0.891 0.330

4-40 0.821 0.385 I TABLE II

40-4000 0.615 0.466

The important point to note is that both investigations showed that
for forced convective heat transfer from heated cylinders, an increase in
temperature difference is associated with an increase in hd . For heat

km
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transfer in the opposite direction , i.e. heat transfer to cooled-
cylinders, the opposite effect is to ue expected, i.e. hd/km will decrease
with an increase in temperature difference. This seems reasonable since
an increase in temperature difference has opposite effects on the velocity
and the temperature gradients as the heat transfer direction is reversed.
Consider the case of heat transfer from cylinders, i.e. T5 > TO
In this case viscosity of the fluid near the wall is greater than the
viscosity in the free-stream, causing deceleration of the flow near the

wall which results in a steeper velocity profile in the aerodynamidc
boundary layer as compared to the isothermal case. As the temperature
difference is increased, the viscosity difference is increased, the de-
celeration of the flow near the wall is greater and the boundary layer
profile is steeper. Since variation of thermal conductivity with temperature
is similar to that of viscosity, a similar effect occurs for the temperature
profile. On the other hand, when TO > Ts, the viscosity near the wall is
less than in the free-stream - consequently the flow near the wall acceler-
ates with a flatter velocity profile. As the temperature difference is
increased the flatness of ths velocity and temperature profiles will in-
crease. From this reasoring, though no conclusion can be reached as t-:
whether hd/k, will either increase or decrease with an increase of temp-
erature difference for a particular direction of he-tt flow, it appears

clear however, that the effect of a variation of the temperature differ-
ence will be opposite if the direction of heat flow is reversed.

iowever, Churchill and Briar's (11) results from their

experiment with cooled cylinders at 1000 in heated nitrogen flow, where
the Nitrogen temperature was varied systematically from 5800F to 18000F,
show the effect on hd/km with temperature loading to be in the same
direction as obtained by Hilpert (2) and Collis and Williams (1) in their
experiments with heated cylinders and wires in ambient air flow. Churchill
and Briarts correlation is in the following form:

Num = 0.60 Prm0 33  Rem0 5 Tol 2  (8)

for a dG range of 300 to 2300.

It is this anomaly in the direction of the temperature loading effect

obtained by Churchill and Briar that focussed attention in the present
investigation to be placed on the determination of the correct temperature
loading factor.

2.3 Consideration of the Reynolds Number Dependency
of the Heat Transfer

Earlier investigators, notably King (6), for theoretical
reasons presupposed in their correlation the linear dependency of
Nusselt number on (Rem )0-50. Kramer (5), analysing results from later
experiments, obtained the same form of correlation as King but with
modified constants:

Nu = 0.2 .0.57 Pr 0 "33 Re0.5 (9)
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The exact ranfe of Re and the reference temnperature for procerty value
evaluation were not specified. On t;,e other hand, althouth tiilpertl3 (2)
Dower law correlation (Fouation 7) is somewhat approximlate and itnores
the finite heat transfer at zero Pe,,,, it never~helc~s ind-Icates tiat the
dependency of Nu., on Rl,~ is itself a fitnction of Rer.. H e noted diSconti-
nuities in thce slone of it.h, hr-at transfer curve at Rev, = h and Re-. = .

Later, :.-ore careful experiments with hot-wires (15) tendea
to show a systempatic deviation of observed Nurn from the Num, obtained from
King's equation with increasing Rem.

Collis and Williams (1), provoked by this deviation from Kingts
law and also by the suspected discontinuity at Rem = 40 conducted their
experiment very carefully and obtained a lie,~ dependency of Num different from
that of King's law and also found a disccntinuity at Re,, - 44. This dis-
continuity was confinmed by an aerodynamic investigation of the flow-field
around the -wire by observing the onset of eddy sheddirng a4, Hem, - "- '(I).

Now, considering Churchill and Briar's (1i.) analysis of their
data it i~s to be noted that they presupposed the linear relation of Nui, to
Re 0_50 . Further, the correlation was obtained by assuming no heat
transfer at zero Re,., i.e. they presupposed the form of correlatIon -as:

=t. A 0.33 Re0,5 1 n (10)
m T

and obtained the values of the constants A and n. Apart from the
assuptio as o th Re dependency of Nurn, this form of correlation may

be Justifiable at h-igher 'Re,, where the heat transfer at zero Re,, is a
small percentage of the total heat transier, but an extrapolaLion of the
Correlation to low e a o eacrt nugh. it must be noted that
their correlation was obtained for dG/1u4-m beyond 300.

Thus in-he presen investigation at low Pea., the determination
of the exact Re dt-endency of Nurn is considered as part of the analysis.

2.1; Cons ide rat ion of ?randtl Numrber E"ffect

Kramer's (5) analysis explicitly considers the effect of
Prandtl number variaticn on heat transfer. Data were obtained for air
(Pr - .71), wdater (Pr - 7.1), white oil (Or - 29.6), Transformer Oil i
(Pr - 35.) and Transformer Oil II (?Pr - 525.). From this correlation
(see equation 9) it appears 'hat if interest is li-mited to heat transfer
with gases only, the effect of the slight differences in Pr for different
species will be very small and may not be detectable In an eXac rihent, due
to normal data scatter. By the same token, the effect of the small
variation of Pr with tempera'ture for a particular sp-cie-s of ras w,.ili iso
be negligible.

Investigat ions with different gases have not been carried
out, all investigators having used air with the exception of Churcill1.

£and Br-iar (11) who used Nitrogen. As suc'~ it is not possible to determino
the uniqueness of any temperature 2loading factor for different gas spec ien -
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a point to be investigated in the present analysis.

3.0 DESCRIPTION OF EQUIPM.ENT, EXPERE14ENTAL SET-UP
AND MEASUREMENT PROCEDURE

3.1 Heat transfer measurements were obtained by traversing
internally cooled, electrically heated, constant temperaturf, cylindrical
film sensors across the potential core of a plasma jet. T ,e power input
to the plasma jet and the plasma gas flow rate was maintained such that
not only would ionization be negligible at the jet exit plane but
also recombination of the dissociated species would be complete in the
plenum chamber. Binary -mixture flows were obtained by mixing the second
gas speciewith the primary ionization gas in the plenum chamber. Temper-
ature and velocity measurements were carried ,out by means of a Pt - Pt
10% Fuh thermocouple and a pitot probe respectively, both mounted on the
same traverse as the cooled-film sensor. All measurements as functions
of the traverse distance along the diameter of the jet were recorded on
an X-Y plotter. Knowing the relative position of each instrument with
respect to the jet axis, point measurements of pitot pressure, thermo-
couple output and the film sensor bridge voltage were obtained from the
recorded prcfiles.

3.2 Description of SDeclal Fouipment

The sensors, probes, electrical circuitry and the sensor
cooling water supply system are manufactured by the Thermo Systems Inc.,
Minneapolis, Minnesota, as standard equipment. The description of the
equipment that follows has been obtained from private communicttion -. th
Dr. L. Fingerson of the Company and from their various bulletins, techniLal
notes and instruction manuals, listed as Ref 16.

3.2.1 Cooled Film Sensor and Sensor Holder

A photograph of the sensor with explanatory sketches
is shown in Fig. 2. The loop type sensor is made of vycor tube. .015
cm. 0. D. aid .010 c- I.D. A thin film of platinum, iOCO - 2C 0.
thick, on one limb of the loop acts as the resistance element and is
isolated by heavy gold platir4g (1 - 1 mil thick) on the rest of the loop.
The length of the sensing element, in the sensors used, is .103 cm and
its resistance around 3 ohms. The sensing element is coated with a film
(5000 2 thick) of silicon monoxide to reduce catalytic effects when the
sensor is exposed to flame environia nt.

The sensor is soldered onto the tip of the sensor
holder, which serves as an electrical lead and also as the sensor cooling
water connection and contains a built-in filter on the water inlet side.
The fittings for the electrical connection to the power supply system
and the fittings for the coolant line connection to the water supply
system are mounted on a fitting plate, as shown in the photograph in
Fig. 3A.
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3.2.2 Probe

A photograph and a diagram of the probe with the
sensor holder assembly insert5a are shown in Fig. 3B and in Fig. 4
respectively. A close-up of the probe tip, showing the sensor in
operating position, is shown in Fig. 5. The probe is made up of a
series of cascading cooling jackets, the cooling jackets in turn made
up of a tightly fitting bundle of stainless steel tubes, to r-rovide
uniform and near optimal cooling. The probe is provided wit,..
traversing sleeve and a fitting plate containing the fittings for the
jacket cooling water connections. When the sensor holder is in place,
its fitt.ng plate is attached to that of the probe by means of screws
in slots, allowing for a certain amount of play, so that the holder can
be pulled back and the sensor withdrawn inside the probe when it is not
in operation.

3.2.3 Sensor Cooling Water SuRPly System

The sensor water supply system supplies coolant to
the sensor at constant pressure andhenceat a constant mass flow rate.
It consists of a stainless steel pressure tank of 1 litre capacity which
is filled with distilled water and pressurized through a regulator from
a nitrogen bottle.

3.2.4 Probe Jacket Water Supply System

Ordinary tap water, filtered through a 25 micron
filter, is used for probe cooling. The water pressure is maintained
around 80 p.s.i.g.

3.2.5 BriLge and Control Circuit

A simplified functional schematic diagram of the
circuit is shown in Fig. 6. The platinum film on the sensor is maintained
at constant resistance and hence at a constant temperature by placing
it across one arm of a bridge. The desired resistance of the censor
(calculated from the desired operating temperature and the r.old resist-
ance of the sensor) is obtained by adjusting the resistance deck P1.
A choice of two bridges is possible, one for low energy dissipation
(.005 to approximately 0.5 watts), as encountered in usual hot-wire or
hot-film operatin and the other for higher energy dissipation (up to
40 watts) for cooled-film operation.

Once a voltage is applied across the bridge and
the bridge is balanced, the film will be maintained at the desired
temperature. Any change in environmental conditions (changes in temper-
ature, velocity or composition) causing a variation in the rate of heat
transfer to or iram the film, will tend to vary tae film temperature and
hence the film :-ccistance, causing an imbalance between the two sides of
the bridge. This imbalance is amplified by the bridge amplifier which
signals the Dower amplifier to increase or decrease the power to the
sensor acco-ding to the direction of voltage change in the bridge. This
feed-back loop has a frequency response of 5,00 KHz, (honal).
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The system allows measurement of both bridge voltage
and actual electrical power supplied to the film. The latter is obtained
by means of a power computer which takes values of the bridge voltage and
sensor resistance aid uses a squaring circuit, aplifier and a voltage
divider. The panel meter may be switched either to read the mean bridge
voltage or the mean energy dissipation in watts, when the sensor is ex-
posed to a steady state environment. A photograph of the panel along with
that of the sensor water supply system is shown in Fig. 7.

A detailed description of the circuit may be found
in Ref. 16A.

3.2.6 Cooled-Film Sensor Operating Principle

Referring to Fig. 1 we note that for usual constant
temperature, cooled-film application, i.e. To. > Ts, a heat balance of the
system gives:

QSPPLIED = OOLANT-

If the cooling water inlet temperature and flow rate
(i.e. the coolant pressure) is kept constant, %(,LANT will remain constant.
A measure of QcUPpLIE1, then will be a mesure of QV, i.e., the heat
transferred from the environ=ent to the sensor.

For adequate operation it is then mandatory that
CO01ANT > Q pV (yAXDM). if heat transferred to the coolant is less

than that absorbed from the environment, not only does measurement becme
impossible but the sensor te--mperature will increase beyond the .set value
and the sensor may burn out. A proper QCO jIN mby be set by exposing
the sensor to a condition of maximum heat transfer and then by adjusting
either the coolant pressure or the sensor temperature or both to cbtain
a QC LT greater thar Q r (.MAX). Since a prior determinatton of Qp, (MI i)
is not always possible (viz. as in the case of application in the hyper-
sonic -wakes of projectiles launched in free-flight ranges), a rough estimate
of the expected maximum heat transfer ray be made, aid from the calibration
chart in Fig. 8, the sensor operating temperature, and coolant pressure may
be determined. As shown in Fig. 8, at a particular coolant pressure the
maximur, sensor temperature is limited because of coolant boiling inside
the sensor resulting in unstable heat transfer to the coolant.

Tne sensor is set to operate at the desired temp-
erature by setting the proper resistence in the resistance deck. The
operating resistance is obtained by measuring the sensor ',old" resist-
ance and using the relation:

R= Re 1(T -cLs c(" _ Tc)J .
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where Rs is the sensor resistance at the selected operating temperature,
T .and Pe is the "cold" resistance at temperature T. (usually room temper-
a~ure). The temperatu're coefficient of resistance, c4.is obtained by
a calibration of a representative nimber of sensors or fro the manufacturer's
quoted figures. A typical ca! i4ration curve for c obtained for three
sensors from the batch used in the present investigation is shown in
Fig. 9.

The value of Q,-COLIT is measured by maintaining the
sensor at the onerating te= perature and coolant pressure and exposed to
room environ-ent. Since consertatively calculated heat losses frm the
sensor due tc radiation, free convection and conduction together add up
to be two orders of magnitude less than the heat transferred to the coolant;
all the hPat transferred urer room condition =ay be considered to be
transferred to the coolant, i.e.

zSW ,L='F (at ro. t-e=.) COOU.IT

may be nasured directly in electrical units
by using the power computer or by zeasuring the bridge voltage and using
the following relation (refer to Fig. 6):

-2

-t S(Rs -3

where Et - bridge voltage

R_ - sensor resistance

resis-ne of the top leg of the bridge

R. = probe ard cable resistance.

For the measure of QfnC mm under operation the
same two =eth-ods may be used. fieever. s-Zince thYere ws so=e doubt as
to the calibratio, of the power com puter, in the present investigatico
it was the bridge voltage that was recorded.

3.3 E erimental Set-Un

A schematic and a photograph of the experim-euta. set-up are
shown Lin Figs. 10 and 11 respectively. The hot jet was obtained by means
of a bench mounted plasmd-ne ps torh fitted wth a nozzle, the

nozzle exit diameter being I in. Tne gas flow rates were metered by zezns
of calibrated flow meters and pressure gauges mounted on the control
panel of Lhe p-ia torch. The Me. uriJn instruments, i.e. the cooled
film sensor probe, the ther-ocoupie and the pitot were mountea on a
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traversing table. A close-up photograph of the instuzruments and the plasmm
torch is shown in Fig. 12. The traverse dist~ances of the table along and
acrmss the jet were monitored by a -knife-edge slider fixed toc the table
and sliding over a calibrat'ed linearly variable potentiometer. The cross-
traverse Dotentiometer ctput was connected to the tX'. in put of a Mosley-
X-Y plotter, whereas the axi-al travers. potentiometer reading was displayed
or. a Jobm Fluke differential vacutm tube voltmeter.

APt t 10% Rh thermocouple with a bead diameter of .127 c=
was used to measure temper-ature. it was thought to be taore judicious to
use an uns:ielded therMOCOUple anid to correct for radiation and conduction
loss rather thamn to use a shielIded ther--ocouple with uncaetain radiation
eff.ectL-. Further, the mir~imum size lrtion and the valne-rability of the
shielding to high temperature .dith -.onsequent geometry change precluded thl.
use of shielded ther-mocouples.

or eloc;t m-easurements a, carbon-tipped pitot orobe -with an
orifrice size of . 103 c= x-as used. The pitat pressure was measured byv means
of a calibrated KKS Baraton type 77 pressure =eter using a ty-pe 7771
pressure head.

The thermocouple mr output, the press-ure meter out-omut and
the brdeLlaeD h film sensor were connected +.o the I-If inma-t of
the X-Y plottter through a control box, so that during a run as each
:Instr=-ent would traverse across the jet their outputs could be successively
s-iitched onto the ?Tt input of the recoxrder for recorilng. Thie re-ordinrg
station arrangement is sahcw4n in ri-g. 13.

7ne cross traverse distance -*as recor-ded atL dour11e scale for.
better positional resolution, uwhereas the out-ts of each instrum-entE were

rorded or. a scale to -ive the maximrm deflection on thme recorder. 1
typical recording of a run is shown in Fig. 11-

3.4 Meas'are±.ent Procedure

3 .1 inst.raent A.llrinzent

B-efore each set of rinns (usual-1-1 consi L-xg o' 4 .o5
r-ans) the sensing eie:-ents az e measur-"ig instr-,=enAts were aligned to
be in ths same horizontal and ve.-tical planes, the horizonm-tal planeben
t;hat, of the j:et axis ard tine vwertlical nlane that of the cross-tra~arsr-
i.e. nmral to thaPt of the Jet as. - --ne cooled4-fii2-- sens-or w?-s a2igned
to be accurately normal to the Jet axis. The aligm-ent of the instr-zments
was achieved by a macrosccpe -,epl* irz the ila=--a-jet C1, its- bracke-,
sruch that the axis of tine .iet would coicide with that of the- microscopt-.
as shown in Fig. 15, and bya t-hodolite tDLaced at a slipaht ang"e to t-he
vertical plane of the instruments. Alignm=ent wras ensur-ed by traversing
the itrenssuccessively to the r=icroscc-oe6 ais amdv adjsting their
positicns such that they coizmcidel -dth the cross-hairs of both the Mco

scooe~ ~ an tethodlte 4tr i went the uositEions of th.2eintu ns
with respect to t4.1e jet axis and each o-ter Werle nOted by tray'ersing
them to the m&icroscoze axis and recording I.he crs-rvreOctenti0-

meter out-ma oni the X--Y ploitter.
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During alignment the physical condition of the
senzing elements as to deposition of contaminannt on the cooled film,
flaking of the film and thermocouple geomiet!-y alteration was checked.

3.4~.2 Plasma Jet Conitions

? owoer Setting

The plasmra jet was run at very low power inputs so
that the temperature at the nozzle exit never exceetded WW00K. This weas
to ensure that no part or the gas flow was ionized. Further, the gas :low
rates were such that. the residence time in the plenu.m char~ber was sil-fficient
for the recombination of the products of disscociation. (The latter con-
diti3n -aas vierified by the addition of CO zin the plenum chamber and noting
the absence of any CO fl'a--e at the JetL exit..J

jet Stabi-ity-

The stabilit;-y of the jet after a 5 ran. war=-up period
was checked by placing t-he sooled-film sensor ir. the jet wid recordig the
bridge voltage on a time scale. Sir.ce tLhe fill will sense any change in
both the velocibty and the te=oerat-ure of the Jet, this ensured a check

o~avy drift of both properties. Over a reoddpezic cf 15 mirnites
(aierage time for a run) no drift was noted. However, fr;= time to tin-e
the jet would tend to beccre unstable due to electrode erosion. Radings
obtained during these periods were either disc-arded or retaken.

Jet i'urbulence

Mhe tu.-bulence level in the core of the jet was
estimated by monitoring the cooled-fi-lm brid1ge voltage by an oscilloscope.
7he =aid==ooe-fl frequency response is around 50 5.C.S. Since the
film wifl ser-se not o.-ly the vel*ezity fluctuatiew, but the temerature
aTISa concentration fluct nations as well, decoupig of the sial to cbtain-
ouanta,4 ive measarement of the intensityv of'L each parazieter beccomes cam-
DUJ cated. F. --- the osciilloscope tracin, a tracing of the 3UPe.-=moosed
effects of the fIh.ation of all the three oara=etezz in the core of the
j4,et, the max!:_-- relative intensity was fo~un.d to Ie less than 1'D9 0a)
Tf it is considered ta-the film- is sensing cnly' velocity A

fluc-tuations5,, the =ost acute sittnation, 2-then the error in heat transfer
=-easurement will be less than ZX. (See Ref. 1? for wi claboration, =n
theeft of Jax-ge turbulence flact aicns on -heat transfer.) h

eroreu to temperature fluctuation will arise bemcause of con~sideration
of the fluid properties evaluated at the average temperature rather than
a consideration of the average of: the Mdid prc-perties -the diffiezre
betwfean th.m being due to t~ennlna aito ffluid properties
wit-h temperatu-e Similarl the error becaus of cocenzt-atio lc
tuaLioM AMl be due to the 'di- ference etm- the evaluated D'roierties

at he eanconcentration, rather thn h -vrg of the prc-toerties - a
d~feeiebeeauseofn..1ea -ritn of flui-3 d properte. Wt

percentage concentr-ation. 1novever, these effects wAc-i small cpav_
_ !-cse diueto l~arge velocity fluctuatins i.e. due totelateral tr

boen-ce-velocity e xmon-nt perpe~dicular to t-!h.e cylin-der.
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3.4.3 Run Conditions

During stable operation of the jet, the pitot, the
thermocouple and the cooled-filn sensor were traversed across the jet, the
last traversing thrice for three different sensor reei slEarces and hence
three different temperature settings. Due to the variation of the sensor
"cold" resistance from one sensor to another and somet:.mes from one nrn to
another it was not always possible to set the same three sensor temperatLures
for all runs. The distances of the section of traverse from the -Jet exit
were such that the major portion of' the traverse would be through the
potential core of the jet. A typical recording of a single run is shown in
Fig. 14. To obtain measurements over a range of Rem and temperature loading
the flow rmte of the cas and the p'lasma power input were variJed. For each gas
snecies or species mixture, usually three power settings and for each
power setting three flow rates -were employe4. With 3L particular power
setting and flow rate usually three or four traverses at different distances

fromthejetexit plane were made. For zixture runs, three difern
--xue -N H, 1-0 2 , He -CO2 were considered. 51iring these runs,

usually the major species interms of mol fraction wazs used as the arc-gas,
the second speciesbeing mixed with this in the plenuzm chamber. Hovever,
C2was never used as the are-gas. For each. mixture , two mixture ratios

,were considered. Due to t~he volime-fliow rate im-itation of the plasma--jet,
judicious set tings for the mixtutre ratio were not always possible.

4.0 DATA IMIALYSIS PROCEDURES, RESULTS A01D DISCUSSION

I. he values of t-hermocouple ezaf, pitot pressure and the cooled-
film bridge voltage at any particular point in the traverse -were obtained
by taking values equidistant from the jet axis from their respective proflies,
the posiltion of the jet-axis with respect', to each traverse having been pre-
recorded as mentioned in Section 3.4.1. Such point values were ocbtained
froM only the potential core of the jet.

L..2 The amcorm! ted temperatdre was obtained from th;.e mi'llivolt
reading ofl the thtrmocouple using the callibration tables of Omega Erg. inc.
This temperature iras cori-ected for the error due ;to, radiatfon from a heat-
balance of the thenmoournle bead. "See any standard; text for elaboration).
tr=- an independent approxiinate calculation the conduction error was found
to be negligible. For the heat balance, the theim-c-ouple bead was considered
to be a sphere and the forced convective heat transfer coefficient was
obtained from ?KI-arerts (.5) corrzelation for spteresand the erdssivity factor
for the platinum bead as a function oil tezperature was obtained from Ref. IS.
Since- evalusation of" the forcec convection coefficient de7man.ds a detemmaiiation
of flow velocity and the flu tanj! propereties at the true temperature
and since tn'e velocity interpretation fram the pitot pressure is again
depiendent on the knowledge of fluid density at the true tEemperature, an
iteration process was used to solve for the true termperature.

The transport property values of the vas species and specfes
=ixtures for the above-rmentioned luemmerature correction process and for
th-e subsequent data analysis were calcilated from the expressions collected
in Ref. 17. Details of" the expressions used may ;-,e f-ound in Appendix A
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rO r the coo:ed-film bridge voltage outside the jet and ".
the bridge voltage when t- iJm was at the point of measure.ent in the
jet, the heat transferred from the envirorzent was obtained according to
the method discussed in section 3.2.p. The heat transfer coefficient was
then detersined frc-

h=

4.3 As a pre-liminary step to data correlation the dimensiorless

heat transfer coefficient hd/k was plotted as ; t-. nction of e. to determire
the general trends and the data scatter. The follow ing points were noted.
(Fig. 26 =ay be consulted for this discussion.)

(i) Because of the narrw range of volze-flou rates possible
in the plasa-jet, the Re range obtained for a partic.uar species or species
nixture by a variation of the plabxa-gas flow rate was rather 1Lted.
Eoweveer, because of the widely differing ineatic viscosities of the species
and species -!ixt;res considered the overall R. r-nge obtained extended
from 5 to 75-

(ii) 14, data for Rem =ore than 55 were above the trend line
of the rest of the points (i.e. those below ?e.- - 40)when extrapolated to
that range. No data were obtained for ?.e between 40 and 55. From prei ous
investigations (1, 2) with heated cylinders a change in slope in the heat
transfer curve was noted around Be =  O - 40 due to the onset of eddy
shed.-. Vowever there is no reason to expect the onset of eddy shedding
at exactly the same Re. for the case of cooling of cylinders since the
boundary layer characteristics in the two cases are different, at
discussed in section 2.1. No aerodynamic investigation specifical1- aimed
at the determination of the onset of eddy shedding was carried out in the
present investigation and, hence, any conclusion as to the exmct Pe, of
discontinuity in the h-at transfer cur-e and as tc. the reason for the
higher Nua for Re- greater than 55 will. be deferred until further ex-
perimentation. For the present analysis the range of Fe considered was
5 to C.

(iii) The scatter of data i r=m the gas mixture was
noted to be slightly more than that f:.m the p-e_ gas runs. Possibi
this is due to impe-rfect midng of the gases in the plenumm c-ha=ber of
the jet. For this reason and also because of less certainty in the
property value evaluation of ix1tures at high te.peratures, the s-bsequent
statistical analysis was confined to data fro= .7ire He and is flows only

(iv) :Die to the narrow ran e ref R. obta--ned for a particular
gas specie.F or species mixtixre and due to the d-i- sca~tter, the expected
slight influence of the very szmll variation of Prandtl number on he&t
transfer could not be properly detected. in any case, since the
statistical analysis was to be confined L-o data -fr= Fe and H2 1i!o4, the
Prandtl .numbers being very. nearly identical for the two gases, con-
sideration of .-. andti nu-ber as a variable was zot considered inportzrnt.



6NCLASSIFIED
16

4.4 In the light of the above discussion, it was decided to
correlate the data from pure Ile and N2 flows, between Rem - 5 and Rem = 40,
by a relation of the following form:

Num (To) nl 14 B 1  Rem 1
Nu (. A1 +B-  Re

Tm m

the values or the constants n!, A1 , B1 and mI to be determined by a least
square fit. The values of the constants were evaluated separately for
N2 P-Ld He flows to determLne whether the temperature loading effect was
different for th, two cases. Further, the values were evaluated individually
for the two cases of temperture loading, onie when the loading was applied
by a variatioa of Ts while To was constant and again when TOD was varied
while T. was kept constant. This was done to determine whether a weighted
man temperature rather than the arithmetic mean temperature was more
suitable for the evaluation of fluid property. however, since for the
individual cases the Rem ranges were limited, the value of the constant ml
waQ evalnated b,- considering all data together, and using this value of m1

the values of r, , A1, B1 were calculated for each case. The result of
this analysis is shown in the table of Fig. 16. The n1 values were found
to be somewhat dIfferent for the two cases, though for a particular gas
the values were close for the two types ef temperature loading.

4.5 The next step was '.o replice the temperature ratio by a
kinematic viscosity ratio in the analysis, so that the correlation form
now became:

Num( - j A - B. Rem

The values of the constants evaluated fo." each case and when all He and
N2 data were considered together are shown in the table of Fig. 17 Com-
pared to nI valuestthe values of n were found to be close for the different
cases. It remained now to consider whether a unique relatio wa possible.
The fits of the data from each case were checked with the overall relation
whose constants were evaluated by considering all He and N2 data togethe"
and as shown in the table of Fig. 17. The worst increase in r.m.s. error
was less than 2.5%.

The results of this analysisare shown graphically in Figs.
18 to 26. Figs 18A and 19A are Hum vs. Rem plots (' the data from N2 and
He flows respectively for the temperature loading obtained by c variation
of T., while Ts was kept constant.

In Figs. 18B an, 19B are shown the same data but with the
temperature loading factor included. Fig. 20A and 21Aand 20B and 21B
are similar plots but for data obtained when the temperature loading was
applied by keeping T 00 constant while T. was varied.
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The next step was to consider the temperature loading effect
on data from the mixture flows. Considering the lower accuracy in the
evaluation of mixture transport properties, it was felt that the signif-
icance of the T.L.F. obtained for the mixture flows individually would
be ambiguous and in any case not more significant than the value already
obtained for He and N flows. As such the data from the mixture runs
were checked for th" ilimination of the temperature loading effect
by using the T.L.F. obtained for He and N2 flows. Figs. 22A, 23A and
24A show Num data from He-N2 , N2-CO2 and He-C02 mixture flows respectively
(two mixture ratios considered for each mixture) plotted as a function of
Rem. Figs 22B, 2313 and 24B are replots of the cvrresponding data but
considering the T.L.F. A considerable improvement in data scatter may be
noted, though no claim to the complete elimination of the temperature loading
effect can be made.

All data corrected for the temperature loading effect plotted
together are shown in Fig. 25. it is eviden that except for C02-N2 data
which were for Rem greater than 55, data below Rem - 40 overlap and follow
the same heat transfer curve and, as such, show that along with a unique
T.L.F. a unique correlation is also possible. Finally, the obtained Rem
dependancy of the Num was checked for the different species mixture flows
by plotting the data on Num(-)o/,)-.15 vs. Rem.4 5 grid, as shown in Fig.

26. The r.m.s. deviation of Num from the correlation line was found to
be .0924 when all data below Rem = 40 were considered together.

4.6 Comparing the correlation obtained in the present in-
vestigition, i.e.:

Num (0.2068 + .4966 Rem045)

with previous correlations (see section 2.0), the following points may
be noted.

(i) It is found that for the case of heat transfer to
cooled cylinders, as the temperature loading is increased, the hd/kM is
decreased. This is consistent with the previously observed (1, 2)
increase in hd/km with increasing temperature loading for the case of
heat tfansfer from heated cylinders, as has been elaborated in section 2.2.
However, from Churchill and Briar's (11) result for similar direction of
heat flowas in the present investigation the opposite effect is noted.

(ii) In the Rem range of 5 to 40, the Num was found to vary
linearly with Rem -45. ThLit deviation from Kirg's law is similar to that
observed by Collis and Williams (1) in their experiment with heated wires.
However, there is no reason to expect the same law to hold for the two
cases of cooling and heating sinceas previously discussed, the aero-
dynamic features in the two cases are different. A valid comparison
exists only with correlations obtained for similar direction of heat
flow. However, Churchill and Briar's analysis presupposed a linear
Nu variation with Rem-5 and as such can not be properly compared to the

m~present result.
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(iii) Finally Fig. 27 compares values of Nu. calculated from

some of the correlations obtained for heat transfer from heated cylinders
Swith values calculated from the present correlation, the evaluation being
for an identi.cal condition of heating of cylinder with T. - 400OK, To =
12000K -!.e flow composed of N2 . Even considering the wide discrepancies
in vau.4es -a-culated from correlations obtained for cooling of cylinders
only, the error involved in using them to predict heat transfer for heating
of cylinders is quite apparent.

5.0 CONCLUSIONS

5.1 For forced convective heat transfer to circular cylinders
placed normal to a heated flow, a correlation was obtained statistically
from data measured in the Reynolds number range of 5 to 40, temperature
loading range of T o /Ts - 2 to 4 and for flows of N2 and He. Over the
entire range the following correlation was determined;

.15 45
Num ( ;- ) = .2068 + .4966 Rem.

where all the fluid properties in the dimensionless parameters are
evaluated at the arithmetic mea temperature.

5.2 Because of increased data scatter and also because of some
uncertainty in the property value evaluation of mixtures at elevated temp-
eratures, data from the binary dxture flows composed of any two gases
from the gas species He, N2 aid CO2 were not included in the statistical
analysis. However, these data were checked for fitness with the cor-
relation. The r.m.s. deviation of Num from the correlation line was found
to be .0924 when all data below Rem - 40 were considered together.

5.3 Due to the narrow range of Rem investigated for a particular
species -spedes mixture and, also due to the data scatter, the e.gpected
slight influence of the small variation of Prandtl number (because of the
consideration of different species and speciesmixtures and also because of
variation of temperature) could not be discei, ed.

5.4 Replacement of the usual temperature ratio in the temperature
loading factor iy a viscosity ratio enabled a unique correlation to be
derived for flows composed of gas species whose transport property value
variations with temperature are different.

5.5 The direction of the temperature loading effect, i.e. in
the present investigation for heating of cylinders a decrease in hd/km
with an increase in temperature loading, is consistent with previously
observed increase in hd/km with an increase in temperature loading for
the case of cooling of cylinders.

5.6 The Rem dependency of Num was found t3 be different from
that according to King's lawas also o'servcd in previous investigations
with hot wires. However, due to absence of previous data for the case
of heating of cylinders, no direct comparison could be made.
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5.7 A discontinuity in the heat transfer curve was noted between
Re- 40 and Re. - 55. Unfortunately, no data were collected between these
values of Rei, and since no specific aerodynamic investigation was carried
out to determine a change in the flow features in this range, no firm
conclusion as to the exact Rem and nature of the discontinuity can at present
be made.

5.8 Finally, a comparison of the Num values calculated for the
case of heating of cylinders from correlations obtained specifically for
cooling of cylinders w-ith Num obtained in the present experiment (for
heating of cylinders) clearly shows the need for two separate correlations
for the two directions of heat transfer. The error Involved in predicting
heat transfer in one direction from a correlation obtained for heat transfer
in the opposite direction may not be negligible, especially when significant
temperature loading is involved.
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APPEN DIX A

Expressions for the Calculation of Transport Properties
for Pure Gases and Gas Mixtures

MENCLATURE UNIT

Dimensionless heat capacity

K Thermal conductivity cal
ci. Sec -7,(

Monatomic thermal conductivity -

K" internal thermal conductivity H

k Boltzman constant erg/°K

M Molecular weight g/g - mole

R Universal gas constant cal/mole °K

T Absolute temperature K

Molz fraction

£ Madmum energy of attraction erg.

Absolute viscosity g/cm. see.

Zero energy collision diameter A

- SReduced collision integral

SUBSCRITS

i,j Components i and j of a mixture

Entire mixture

n Number of components in the -mixture

1.2 Componentsl and 2 of a mixture

The following expressions were used to calculate transport
property Yalues for non-polar pure gases and gas -ixures.

I i) Viscosity (Refs, 1.2,3)

1.T

JA- 26. 9xl10 4 M

I _
-

_
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APPk2DDk( A (Con'd)

or ,/ = 24.693 x 10 LF- i-
ii) Ther-al conductivity (RPefs 1,3)

K ,K- 4 K"

K1 = 198.91 x lr-6 __/__

6 1

W = K x .5 R

iii) Viscosity of gas mixtures (Refs 3, 4 )

"# 4 J-' 'i+ 2."

-: iv) Theral conductivity of gas mixetures (R~efs 3,4,5)
-+ I

-J-

U 1
41

where f+ ( 4it1
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APP ?D( A- (Con d

- V.t

XA-

-_he es:one- heat capvc-ty i.e. Cp/R values as functions of

te-perazure were cbtained fram Ref. 6. The reduced collison integral
{'or viscositv 3n: thera. ccruct;vity, va "es a- functions of reduced
terata .. were obtained fro= a table of Ref. 7. Values of the
rest of the consta.-s were ta-kei: fri Table _ of Ref. 3.

oF

3<
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-"ENSING ELEMENT

IM. rUARTZ F;LM

SENSING FILM D FILM

NSULATING GLASS TUBE NSULATING
GLASS TUBE

COOLANT (waier) "--COOLANT (WaW)

SECTION A-A SECTION 9-0

FIG ,E 2 - Cooled Filu Sensor
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